ABSTRACT The nucleotide sequences of the recombinant DNA inserts of three bacterial plasmid clones containing nearly all of the rat serum albumin mRNA have been determined. A statistical analysis of the nucleotide sequence reveals a pattern of repeated internal homology that confirms the "intragenic triplication" model of albumin evolution.
The protein serum albumin has several attributes that make it an attractive subject for experimental investigation. It is the predominant and characteristic synthetic product of adult vertebrate liver and is therefore a convenient example ofcontrolled gene expression in terminally differentiated cells. In mammalian embryos, there is a reciprocal relationship between the expression of albumin and its fetal counterpart, a-fetoprotein, which is an interesting problem of developmental biology (1) . Perhaps the most striking property ofserum albumin is the remnants in its amino acid sequence of the evolutionary history of this protein. Disulfide crosslinks generate a pattern ofloops that is repeated threefold, defining the three structural domains of serum albumin. These domains exhibit significant amino acid homology in addition to the cysteine residues, and it has been suggested by Brown (2) that albumin evolved by intragenic triplication of a smaller protein corresponding to one domain, which may have in turn evolved from a much smaller sequence by an earlier series of duplications and partial deletions. However, this evolutionary hypothesis is based upon amino acid sequence homology between domains that is not overwhelming and that could conceivably be due to convergent evolution of originally nonhomologous sequences.
To address this question and as a basis for further research, we have cloned the rat serum albumin messenger RNA as a series ofrecombinant DNA plasmids and have determined the nucleotide sequences of these clones, which include all of the albumin mRNA from the amino-terminal codon to within approximately 30 nucleotides of the site at which poly(A) is attached. A statistical analysis of these data reveals extensive internal homology in the albumin mRNA that verifies the intragenic triplication hypothesis of albumin evolution.
METHODS
Cloning Procedures. The production of two of the plasmid clones used in the present experiments (pRSA57 and pRSA13) has been described (3). The plasmid clone pRSA510 was produced by "extending" a primer fragment ofpRSA57 toward the 5' end ofthe albumin mRNA (Fig. 1) . Briefly, the HindIl fragment nearest the 5' end ofpRSA57 was isolated and hybridized to rat liver mRNA, which is approximately 7% albumin-encoding sequences by mass. The specific heteroduplex thus formed was treated with reverse transcriptase from avian myeloblastosis virus and then with sodium hydroxide to generate a cDNA that extended from the second HindIII site to within a few nucleotides of the cap of the albumin mRNA. This material was converted to double-stranded cDNA and "tailed" with oligo(dG) according to published procedures (4, 5) . The tailed albumin DNA was mixed with plasmid pBR322 DNA that had been cleaved with the restriction endonuclease Cla I and tailed with oligo(dC). This recombinant DNA was used to transform the Escherichia coli strain MC1061 (6) according to the method of Kushner (7) . Clones that were sensitive to tetracycline and resistant to ampicillin were further screened by hybridization to a restriction endonuclease fragment of the rat serum albumin gene containing the "leader" exon.
Sequencing. Determination of DNA sequence was done according to the procedures of Maxam and Gilbert, with minor modifications (8) .
Statistical Analysis. The validity of a given homology between two sequences was evaluated by calculation of an "accident probability," Pa, which is the probability that a homology equal to or greater than that being considered might arise accidentally. The equation is a summation of the Poisson distribution, N e-NP(Np)
in which N is the length in nucleotides over which the homology is measured, n is the number of matches in this interval, and p is the probability that any given position will be a match, which will be equal to 0.25 if there is no preference for any of the four nucleotides at any given position. In fact, there is some deviation from ideal randomness. We have empirically determined various values ofp and find that they fall between 0.25 and 0.28 for rat serum albumin mRNA. Unless specified otherwise (i.e., Homology extending over a minimum of 100 nucleotides with a maximum Pa of7 x 10' was considered "legitimate" and used to establish the internal alignments of the albumin mRNA sequence.
RESULTS
The strategy used in determining the nucleotide sequence ofrat serum albumin mRNA is shown in Fig. 1 (12) . There is nothing in the 3' untranslated portion similar to the A-A-T-A-A-A sequence found near the poly(A) addition sites of most mRNAs (13) . This is due to a cloning failure rather than a unique feature of albumin mRNA. The DNA sequence of the 3' end of the rat serum albumin gene has been determined (unpublished data) and the Fig. 3 . The protein is divided into three blocks that correspond almost exactly to the three "domains" described in bovine and human albumins by Brown (2) . This alignment places most of the cysteine residues in phase. Inspection of the positions of these homology blocks and cysteine residues leads to the inference that there have been several small deletions and insertions of 3, 6, 9, or 12 nucleotides at various positions in the albumin mRNA.
When the amino acid sequences within each homology block are compared, the results are in accord with the DNA homology, except that the percentage ofmatches is significantly lower for amino acids than for nucleotides, especially for blocks I, III, and IV (Table 1) . CGG TTT AAG GAC TTA GGA GAA CAG CAT TTC AAA GGC CTA GTC CTG ATT GCC TTT TCC CAG TAT CTC CAG AAA TGC CCA TAT GAA GAG CAT ATC AAA TTG vaZ gin gZu vaZ thr asp phe alZa lys thr cys val ala asp qZu asn ala gZu asn cys asp lys ser iZu his thr Zeu phe gly asp Lys Zeu cys GTG CAG GAA GTA ACA GAC TTT GCA AAA ACA TGT GTC GCT GAT GAG AAT GCC GAA AAC TGT GAC AAG TCC ATT CAC ACT CTC TTC GGA GAC AAG TTA TGC ala iZu pro iys Zeu arg asp asn tyr gly giu leu aZa asp cye cys ala iys gin gZu pro gZu arg asn glu cys phe Zeu gin his iys asp asp GCC ATT CCA AAG CTT CGT GAC AAC TAC GGT GAA CTG GCT GAC TGC TGT GCA AAA CAA GAG CCC GAA AGA AAC GAG TGT TTC CTG CAG CAC AAG GAT GAC asn pro asn Zeu pro pro phe gZn arg pro gZu ala glu ala met cys thr ser phe gin gZu asn pro thr ser phe leu gly his tyr Zeu his gZu AAC CCC AAC CTG CCA CCC TTC CAG AGG CCG GAG GCT GAG GCC ATG TGC ACC TCC TTC CAG GAG AAC CCT ACC AGC TTT CTG GGA CAC TAT TTG CAT GAA val ala arg arg his pro tyr phe tyr aZa pro glu Zeu Zeu tyr tyr ala giu lys tyr asn giu val leu thr gin cys cys thr gZu ser asp lys GTT GCC AGG AGA CAT CCT TAT TTC TAT GCC CCA GAA CTC CTT TAC TAT GCT GAG AAA TAC AAT GAG GTT CTO ACC CAG TGC TGC ACA GAG TCT GAC AAA aZa ala cys leu thr pro lys Zeu asp ala vat ly3 giu Zys l Za Zeu vat aZa aZa val arg gZn arg met lys cys ser ser met gZn arg phe gly GCA GCC TGC CTG ACA CCG AAG CTT GAT GCC GTG AAA GAG AAA GCA CTG GTC GCA GCT GTC CGT CAG AGG ATG AAG TGC TCC AGT ATG CAG AGA TTT GGA glu arg ala phe lys aZa trp ala vai ala ar~q met ser gin arg phe pro asn ala glu phe ala glu ilu thr lye leu ala thr asp val thr lys GAG AGA GCC TTC AAA GCC TGG GCA GTA GCT CGT ATG AGC CAG AGA TTC CCC AAT GCT GAG TTC GCA GAA ATC ACC AAA TTG GCA ACA GAC GTT ACC AAA ilu asn lys giu cys cye his gly asp leu leu glu cys ala asp asp arg aZa alu Zeu ala lys tyr met cys glu asn gin aZa thr iZu ser ser ATC AAC AAG GAG TGC TGT CAC GGC GAC CTG TTG GAA TGC GCG GAT GAC AGG GCA GAA CTT GCC AAG TAC ATG TGT GAG AAC CAG GCC ACT ATC TCC AGC lys Zeu gin aZa cys cae asp Lys pro val leu gZn lys eer gin cys Zeu ala gZu thr giu his asp asn iZu pro aZa asp Zeu pro ser iZu aZa AAA CTG CAG GCT TGC TOT GAT AAG CCA GTG CTG CAG AAA TCC CAG TGT CTC GCT GAG ACA GAA CAT GAC AAC ATT CCT GCC GAT CTG CCC TCA ATA GCT ala asp phe val glu asp lys gZu val cys lys asn tyr aZa c(lu aZa Lys asp val phe leu gZy thr phe Zeu tyr giu tyr ser arg arg his pro GCT GAC TTT GTT GAG GP.T AAG GAA GTG TGT AAG AAC TAT GCT CAG GCC AAG GAT GTC TTC CTG GGC ACG TTT TTG TAT GAA TAT TCA AGA AGG CAC CCC asp tyr ser val ser leu ieu Zeu arq Zeu aZa lye lys tyr cZu aZa thr leu gZu lys cys cys aZa glu gZy asp pro pro ala cys tyr gZy thr GAT TAC TCC GTG TCC CTG CTG CTG AGA CTT GCT AAG AAA TAT GAA uCC ACA CTG GAG AAG TGC TGT GCT GAA GGC GAT CCT CCT GCC TGC TAC GGC ACA val Zeu aia gZu phe gin pro Zeu vai gZu gZu pro iys agn 2eu vai lys thr asn cys gZu Zeu tyr g'a lys Zeu gZy gZu tyr giy phe gZn asn Except for approximately 35 nucleotides from either end of the mRNA that were not cloned, this is the complete sequence of the albumin mRNA. The inferred amino acid sequence of rat pre-pro-albumin is also indicated. The "pre" piece is amino acid residues 1-18 and the "pro" piece is residues 19-24. distinct sequences. There are several arguments against the latter alternative, the most convincing ofwhich is based on the fact that the internal homology of albumin is much greater at the level of the DNA than at the level of the amino acid sequence (Table 1 ). This cannot be explained by convergent evolution driven by selective pressure on albumin protein structures. Intragenic triplication followed by partial divergence is the only reasonable explanation for the observed structure of rat serum albumin. It is possible that other duplication events preceded and followed this triplication. We have not been able to conclusively identify vestiges of intradomain homology that would indicate an earlier series of intragenic duplications, but there is a high background ofrelatively weak internal homology that is not in phase with the four main blocks that define the domains. A more sophisticated analysis of the rat serum albumin mRNA sequence might reveal periodicity in this background and thereby identify the "proto-albumin" sequence, if it exists. This question is more effectively addressed by analysis of the albumin gene rather than its mRNA. Previous measurements of exon boundaries in this gene, recently augmented by DNA sequence analysis (ref. 3 ; unpublished data), suggest that duplication events may have preceded the triplication of domains. As for subsequent duplications, there is evidence that albumin and afetoprotein are related sequences (14) , which suggests that an intergenic duplication may have taken place. This matter should be resolved when more sequence data become available.
A fundamental problem of biology is to explain the complexity ofthe eukaryotic genome. Duplication and divergence ofgenomic DNA may account for much of this diversity. Surveys of the primary sequences ofmany different proteins reveal a number of clear examples of internal homology (15) , most of which are probably due to intragenic duplications. Furthermore, many genes, conceivably most, are members of families that arose by intergenic duplications (16, 17) . Coupled with relatively unrestrained accumulation of mutations in redundant sequences, this evolutionary mechanism could convert a simple protein with only one function into a family ofcomplex proteins with many different functions.
